In situ hybridization histochemistry (rsH) using cRNA probes (riboprobes) has become a powerful technique for the examination of gene expression in tissue sections. The construction of plasmid templates for the synthesis of riboprobes with phage RNA polymerases is often a difficult and timeconsuming step. We have therefore developed a rapid, Hicient, and flexible method to generate totally artificial riboprobe templates by the polymerase chain reaction (PCR). We have made riboprobe templates using self-priming oligonucleotide primers spanning 146 BP of the 3 end of the human cytokeratin 1 (Kl) gene coding region flanked by T7 and T3 promoters. These PCR-derived riboprobe templates were used to synthesize 35S-labeled anti-sense riboprobes as well as sense riboprobes as negative controls. The riboprobes
Introduction
For in situ hybridization (ISH), first described by Gall and Pardue (8) . it has become usual to use complementary RNA probes (riboprobes) labeled to very high specific activity with 35S to detect mRNA directly in the cell of origin (4.9). For generating riboprobes, conventional methods utilize cDNA fragments cloned into plasmids in close juxtaposition to phage polymerase promoters. Using the corresponding phage RNA polymerase (e.g.. T7, T3, or SP6 RNA polymerase) and radioactively labeled nucleotides, riboprobes can be produced by in vitro transcription, either in antisense orientation to the gene, serving as specific probes for ISH, or in sense orientation, providing specific negative controls (10) .
Unfortunately, there are some major disadvantages to the use of plasmid-derived riboprobes in ISH. First, access to cloned genes or gene probes is often rather difficult to obtain. Second, crosshybridization with heterologous genes often gives rise to falsepositive signals (5). requiring time-consuming subcloning steps to eliminate conserved parts of the gene. Third, because the signal Correspondence to: Peter K. LcMotte, F. Hoffmann-La Roche Ltd., Dept. PRF'D, B. 69, R. 345, Grenzachemr. 124, Switzerland. were then applied in ISH to human skin sections made from routinely fued and paraffii-embedded clinical biopsy material. Consistent with published results, we observed strong expression of K1 mRNA in the suprabasal cell layers of the epidermis but only weak to undetectable signals in the basal and cornified cell layers and in the dermis. With this experimental procedure we see no deaease in probe efficiency or quality compared to conventional methods. The use of PCR-derived riboprobe templates for ISH makes it possible to detect expression of any desired gene of known sequence rapidly and efficiently. strength increases with the probe complexity, whereas the optimal length of the probe molecules themselves is 50-200 BP, long riboprobes must be shortened by partial alkali digestion (4). We have therefore developed a rapid and flexible method to circumvent these disadvantages. Using the polymerase chain reaction (PCR) with self-priming oligonucleotides, it is possible to generate riboprobe templates from any known gene sequence without any cloning step and in any desired probe complexity. Here we show, as an example, the generation and use of PCR-derived riboprobe templates specifically designed to detect mRNA of the human cytokeratin 1 gene (Kl) in tissue sections of human skin by ISH.
Materials and Methods
Template Generation. Oligonucleotide primers were made by custom oligonucleotide synthesis (Mycrosynth; Windisch, Switzerland) and gel purified: primer PK1 (S-ACATTAACCCTCACTAAAGGGACGCGTCCGprimer PKZ (S-CCCGCCGCCAGAGCCCCGGCCGCCAGACCTGCC-GCCGCCGCCGCCXCAGAGCCACCTC TGT-3'); primer PK3 (5'-GGC-CCGGGGATCCAGCTCTGGGGGTGT-3'); and primer PK4 (S-TCTAAA-AGAGCTGGATC-3'). According to methods described previously (12,15), with some modifications, a PCR reaction [3.5 mM MgC12, 250 pM of each
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dNTF', 2.5 UllOO pl recombinant Taq DNA polymerase and 1:10 volume 10 x PCR I1 buffer (all components from Perkin-ElmerlCetus, Norwalk, CT)] with PK1 and PK4 (1 nM) and PK2 and PK3 (10 pM) as self-priming templates was carried out using the AmpliWax system (Perkin-ElmerlCet u ) . Two initial cycles were carried out at 92°C for 1 min 30 sec, 68-C for 1 min, and 7 4 T for 40 sec, followed by 25 cycles at 92°C for 40 sec, 70'c for 30 sec, and 74°C for 40 sec using a DNA Thermal Cycler (Perkin-ElmerlCetus). Two identical reactions were precipitated with ethanol, washed twice, and digested with Asp718 I (Boehringer; Mannheim, Germany) or Mlu I (Boehringer). After separation on 4% agarose, gel slices containing the resulting fragments were cleaned with SpinBind columns (FMC BioProducts; Rockland, MN), giving a final volume of 25 pl.
Riboprobe Synthesis. All solutions for riboprobe synthesis, slide pretreatment, and hybridization were made with water treated with 0.1% diethyl pyrocarbonate (Sigma; St Louis, MO). Standard methods were used to make sense and anti-sense riboprobes from Asp718 I-and Mlu I-digested templates (10). Briefly, riboprobes were synthesized in a 20-pl volume containing 1-4 p1 template, 20 U T3 or T7 RNA polymerase (Boehringer), and 5 PI [35S]-uCTP (800 Cilmmol) (Amersham; Poole, UK) using the Maxiscript kit (Ambion; Austin, TX) according to the manufacturer's instructions. Subsequently, the templates were digested by adding 20 U RNAse-free DNAse (Boehringer) and incubated for 15 min at 37°C. Unincorporated nucleotides were removed on a Sephadex G-50 column (Pharmacia Biosystems; Diibendorf, Switzerland). Probes were ethanol-precipitated and redissolved at a final concentration of 4 x lo6 cpm/p1 in 10 mM DTT Subsequently, riboprobes were diluted 1:10 in hybridization solution [ 500/0 formamide. 0.3 M NaCI, 20 mM Tris-HC1, pH 8.0, 5 mM EDTA, 10 mM NaP04, pH 8.0, 10% dextran sulfate, 1 x Denhardt's solution (Sigma), and 500 pg/ml tRNA from E. coli MRE 600 (Boehringer)] and stored in diquots at -70'c.
Tissue Preparation. Routinely formalin-fixed and paraffin-embedded clinical human skin biopsy specimens from healthy patients undergoing plastic surgery (kindly provided by B. Czarnetzki, Dept. of Dermatology, UKRV, The Free University of Berlin, Germany) were cut into 5-pm sections, placed in pairs on glass slides treated with 3-aminopropyltriethoxysilane (Sigma), and stored in plastic boxes with desiccant at room temperature.
In Situ Hybridization Histochemistry. ISH was performed as described previously (4,16) with some modifications. Briefly, before use the slides were dewaxed with xylene, rehydrated, post-fixed with 4% paraformaldehyde for 20 min, and rinsed twice in PBS (Gibco BRL, Basel, Switzerland). Sections were then treated with 80 pglml proteinase K (Boehringer) in 50 mM Tris-HC1, pH 8.0, 5 mM EDTA for 10 min at 37'C, washed with PBS, fixed again with 4% paraformaldehyde, washed twice with PBS, and finally treated with acetic anhydride and dehydrated as described (4).
Pre-hybridization was performed by covering each skin section with 30 p1 hybridization solution followed by incubation for 1-3 hr at 55'C in Terasaki plates (Nunc; Roskilde, Denmark) under humid conditions. After careful removal of the pre-hybridization solution, 10 pl of sense and antisense probe were applied for hybridization. Slides were covered with siliconized coverslips and incubated overnight at 55'C as described above.
Coverslips were removed carefully in 5 x SSC (saline-sodium citrate buffer) (Sigma), 10 mM DTT at 55'C. The slides were then washed at high stringency with 50% formamide. 2 x SSC, 100 mM D'M at 65'C, rinsed three times in NTE (0.5 M NaCI, 10 mM %is-HCI, pH 8.0, 5 mM EDTA) at 37°C and treated with 5 pg/ml RNAseA (Boehringer) for 30 min in NTE at 37'C. After a second wash in 50% formamide, 2 x SSC, 100 mM DTT at 65"C, slides were rinsed in 2 x SSC, 0.1 x SSC, and dehydrated.
Autoradiography was performed essentially as described by Angerer and Angerer (1). Sections were then counterstained with 0.1% eosin Y alcoholic solution (Sigma) andlor 0.05% toluidine blue 0 (Fisher Biotech; Fair Lawn, NJ) aqueous solution, air-dried, and mounted with DePeX mounting medium (BDH; Poole, UK).
Results
The experimental strategy described in this report is shown schematically in Figure 1 . For construction of a riboprobe template, we chose a sequence (146 BP in length) from near the 3' end of the K1 gene coding region (14) which lacked sequence homology to other members of the keratin gene family. Four partially overlapping oligonucleotide primers (20-22 BP overlaps) covering this region were made by custom oligonucleotide synthesis. The two outermost primers (PK1 and PK4) contained, in addition, the sequences for T3 and T7 promoters spaced by Asp718 I and Mlu I restriction sites flanking the 5' and 3' ends of the K1 sequence, respectively.
PK1 and PK4, together with PK2 and PK3 diluted 1:100, were used as self-priming templates in a one-step single-tube PCR reaction. To overcome mispriming caused by internal direct sequence repeats, high annealing temperatures were applied together with the recently described "hot start" technique (3). To prevent in vitro transcription artifacts (13), templates with free 5' ends were generated by treatment with restriction endonuclease Asp718 I or Mlu I and subsequently isolated and purified. All steps of this procedure were controlled in analytical agarose gels (Figure 2) . By use of these PCR-derived riboprobe templates in standard in vitro transcription reactions. 50-80% of [35S]-aCTP was incorporated into the sense and anti-sense riboprobes. The integrity and length of these riboprobes were checked on denaturing polyacrylamide gels as shown in Figure 3 . The riboprobes had the expected size of 145-150 BP and were almost free of transcription artifacts.
Sense and anti-sense riboprobes were then applied in in situ hybridization to human skin sections. After 6 days of exposure to autoradiographic emulsion the slides were developed and counterstained. Strong signals were observed in sections hybridized with the anti-sense riboprobe. whereas the negative sense controls lacked specific signals (Figure 4 ). Patterns of K1 gene expression were as expected (2,6,11; for review see also 7). A maximum of expression was observed in the suprabasal layer of the epidermis between the third and fifth cell layers. In contrast, signals were low to undetectable in the dermis, as well as in the basal layers and in the cornified layers of the epidermis.
Discussion
The biopsy material used in this study was from clinical samples fixed with formalin, as is routine in diagnostic histopathology. No special care was taken to avoid RNAse contamination and the biopsy specimens used were 1-2 years old. Although these factors were not optimal for ISH, we were nevertheless able to detect strong expression signals in the suprabasal cell layers of human skin sections using a single PCR-derived riboprobe template designed from the K1 gene, a major differentiation marker of keratinocytes. To detect low levels of expression the probe sensitivity could be further improved by mixing a probe cocktail of riboprobes from different regions of the same gene in one hybridization. A decreased specificity of the riboprobe caused by cross-hybridization to related genes A B can be minimized by selecting non-conserved parts of the gene. Thus far, we have successfully used this procedure to generate more than 20 different riboprobes from PCR-derived riboprobe templates. This study has shown a practical shortcut for developing probes to be used in ISH by the PCR technique. Oligonucleotide primers can be synthesized based on the sequence of a gene of interest. Within 2 days a labeled riboprobe can be made from these primers.
Even in cases where a plasmid clone is available for a desired ISH probe, the costs of manpower for conventional subcloning are greater than the costs of synthetic oligonucleotides (e.g.. $1500 for a complete template using commercially made primers). Furthermore, the method described here makes it unnecessary to digest templates with alkali, as is done in conventional procedures, since riboprobes from PCR-derived templates already have the optimal size for ISH. There is in principle no danger of contamination with endogenous RNAses from E. coli plasmid preparations, since plasmids are not required in this procedure. The most important advantage is that PCR-derived riboprobe templates provide much flexibility in choosing a desired probe sequence combined with the high sensitivity through the use of RNA probes. Their use is limited only by the available sequence information.
